Gastrocnemius Hemojuvelin (HJV) RNA oxidation Sarcopenia Transferrin receptor-1 (TfR1) Y box-binding protein-1 (YB-1) Xanthine oxidase (XOD) a b s t r a c t Muscle atrophy with aging or disuse is associated with deregulated iron homeostasis and increased oxidative stress likely inflicting damage to nucleic acids. Therefore, we investigated RNA and DNA oxidation, and iron homeostasis in gastrocnemius muscles. Disuse atrophy was induced in 6-and 32-month old male Fischer 344/Brown Norway rats by 14 days of hind limb suspension (HS). We show that RNA, but not DNA, oxidative damage increased 85% with age and 36% with HS in aged muscle. Additionally, non-heme iron levels increased 233% with aging and 83% with HS at old age, while staining for free iron was strongest in the smallest fibers. Simultaneously, the mRNA abundance of transferrin receptor-1 decreased by 80% with age and 48% with HS for young animals, while that of the hepcidin regulator hemojuvelin decreased 37% with age, but increased about 44% with disuse, indicating a dysregulation of iron homeostasis favoring increased intracellular free iron in atrophied muscles. RNA and DNA concentrations increased with age and were negatively correlated with muscle mass, whereas protein concentrations decreased with aging, indicating a preferential loss of protein compared to nucleic acids. Furthermore, xanthine oxidase activity increased with age, but not with HS, while mRNA abundance of the Y box-binding protein-1, which has been suggested to bind oxidized RNA, did not change with age or HS. These results suggest that RNA oxidation, possibly mediated by increased non-heme iron, might contribute to muscle atrophy due to disuse particularly in aged muscle.
Introduction
Aging is associated with a progressive loss of muscle mass and strength (Brooks and Faulkner, 1994; Frontera et al., 2000; Lexell, 1993) , known as sarcopenia, which represents an important risk factor for disability and mortality (Metter et al., 2002) . In addition, muscles from older individuals display an impaired capability to recover from atrophy induced by disuse (Chakravarthy et al., 2000; Gallegly et al., 2004; Zarzhevsky et al., 2001 ), which poses them at an even higher risk for impaired function in case of prolonged inactivity. One common phenomenon associated with age-and disuse-induced muscle atrophy is an increase in apoptosis and oxidative stress (Alway et al., 2003; Arbogast et al., 2007; Dirks and Leeuwenburgh, 2002; Lawler et al., 2003; Leeuwenburgh et al., 2005; Powers et al., 2005) . It has been shown that atrophy induced by hind limb suspension (HS) or immobilization is associated with a disruption of antioxidant status (Lawler et al., 2003) , and it has been suggested that iron plays an important role in this process (Kondo et al., 1992; Powers et al., 2005) .
In some diseases and with aging, the level of oxidants and transition metals rise, resulting in cellular toxic stress. The balance between the generation and removal or repair of oxidative damage may be impaired with age-and disuse-induced muscle atrophy resulting in a total increase in reactive oxygen species (ROS) mediated damage. Even if ROS levels remain constant with age, damage to biomolecules may still accumulate, because the removal of these molecules is likely impaired with advancing age. In this context, nucleic acids, being negatively charged, chelate transition metals to a certain degree (Wacker and Vallee, 1959) , making them susceptible to oxidation. In fact, a small amount of oxidizing intermediates such as H 2 O 2 is constantly present and when in contact with trace amounts of reduced transition metals, can oxidize RNA and DNA (Hofer, 2001; Hofer et al., 2005) . This produces miscoding or mutagenic adducts such as and 8-oxo-7,8-dihydro-2 0 -deoxyguanosine (8-oxodGuo) in RNA and DNA, respectively, (Hofer, 2001; Hofer et al., 2005; Hofer and Moller, 1998) . DNA oxidation can give rise to mutations during replication (Cheng et al., 1992; Kuchino et al., 1987) or can lead to faulty transcription of messenger RNA (mRNA). While DNA is constantly checked for mistakes and errors by repair enzymes, it is still unclear how and to what extent damaged RNA is removed.
Excess catalytic iron (Fe 2+ ) loosely bound to biomolecules inflicts oxidative damage and iron homeostasis is therefore tightly controlled. However, conditions such as aging may be associated with less perfect iron control, favoring toxicity. Proteins playing a central role in iron homeostasis are the transferrin receptor-1 (TfR1) and hemojuvelin (HJV), which is mainly expressed in heart and skeletal muscle (Rodriguez et al., 2007) .
The total cellular RNA pool consists of cytoplasmic ribosomal RNA (rRNA) (70-80%), transfer (tRNA, 15%), nuclear rRNA precursors (4%), and messenger (mRNA, 1-5%), and the functional consequences of oxidation of the different RNA subsets are largely unknown (Bregeon and Sarasin, 2005; Dirks et al., 2006) . A recent study indicates that oxidative damage to mRNA reduces translational fidelity and results in proteins that are readily removed by proteolytic degradation (Tanaka et al., 2007) . Little is known about the consequences of tRNA or nuclear rRNA oxidation, but it has recently been shown that oxidized rRNA was associated with decreased protein synthesis (Honda et al., 2005) . Interestingly, rRNA has been found to be significantly oxidized in age-related degenerative diseases (Honda et al., 2005; Liu et al., 2002; Zhang et al., 1999) and to have a particularly high affinity towards iron (higher than that shown by tRNA) (Zhang et al., 1999) . Our previous studies showed increased oxidation of total RNA in aged rat livers (24 months) compared to young counterparts (6 months) , but to our knowledge, RNA oxidation in skeletal muscles atrophied due to aging or disuse has not yet been investigated. RNA oxidation may play a particularly important role in skeletal muscles with aging, because it may affect the balance between protein degradation and synthesis which ultimately determines total muscle mass and therefore sarcopenia (Honda et al., 2005; Tanaka et al., 2007) .
Hence, the goal of this study was to investigate the levels of RNA and DNA oxidation in atrophying gastrocnemius muscles with aging and HS, and to identify possible sources of oxidative stress. We hypothesized that RNA oxidation would be increased in aged atrophied muscles and that this was associated with changes in iron homeostasis. Disuse atrophy was induced in young and old rats by HS and molecules involved in ROS and iron homeostasis were measured.
Materials and methods

Animals and experimental procedures
All procedures were performed in accordance with institutional guidelines for the care and use of laboratory animals. Male Fischer 344 Â Brown Norway rats (6 and 32 months of age) were purchased from the National Institute on Aging. This strain of rat was chosen because it has increased longevity and decreased cumulative lesion incidence compared to other strains; therefore, aging aspects can be studied in the relative absence of disease (Lipman et al., 1996) . The different ages were chosen to reflect a mature rat (young = 6 months) and an aged rat at about 50% mortality (old = 32 months). Rats of both ages were divided into two groups (n = 6 per group): non-suspended control and hind limb suspended for 14 days. Rats were allowed free access to food and water. Animals were housed in a 12 h light:12 h dark cycle and were allowed free access to food and water. HS was performed as previously described (Gallegly et al., 2004; Leeuwenburgh et al., 2005) . Briefly, a tail device containing a hook was attached with gauze and cyanoacrylate glue while the animals were anesthetized with ketamine and xylazine (60 and 10 mg/kg body weight, respectively, by intraperitoneal injection). After the animal regained consciousness, the tail device was connected via a thin cable to a pulley sliding on a vertically adjustable stainless steel bar running longitudinally above a high-sided cage. The system was designed in such a way that the rats could not rest their hind limbs against any side of the cage. After 14 days of control housing or HS, rats were euthanized with an overdose of sodium pentobarbital (100 mg/kg). Gastrocnemius muscles were carefully dissected, weighed, frozen in liquid nitrogen, and stored at À80°C until analysis. Muscle weights are reported as the average between the two legs. Gastrocnemius muscles were selected for analysis, because they contain a variety of muscle fiber types and the results may therefore be generalized to other muscles. Also, the substantial amount of tissue in gastrocnemius muscle allowed us to perform all the analyses on the same muscle.
2.2. Measurement of RNA and DNA oxidation and yields using HPLC-ECD Total RNA and DNA oxidation levels, nucleic acid yields, and RNA/DNA ratios of gastrocnemius muscles were analyzed simultaneously using a novel HPLC-ECD method . This procedure is based on high-salt nucleic acid release from proteins, followed by removal of proteins/fats by organic solvents at neutral pH, all in the presence of the metal chelator deferoxamine mesylate (DFOM; affinity constant for Fe(III): log K = 30.8) at 0°C. Briefly, muscles were dissected, frozen in liquid N 2 , stored at À80°C, thawed, stripped for tendons on ice, weighed (200-230 mg), minced, and homogenized on slush ice using a glass-glass Duall homogenizer in 4 ml (1:20 w/v) guanidine thiocyanate (GTC) buffer (3 M GTC, 0.2% (w/v) N-lauroylsarcosinate, 20 mM Tris, pH 7.5) containing 10 mM freshly dissolved DFOM. After transferring the solution into phase-lock gel (PLG) tubes, an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1, pH 6.7) was added and the samples were immediately vortexed, followed by a 10 min vortexing period at 0°C to completely release nucleic acids as previously described . After centrifugation (4500g, 5 min, 0°C), the aqueous phase was transferred into a new PLG tube and extracted against an equal volume of chloroform/isoamyl alcohol (24:1). The samples were hand-shaken, centrifuged, and the aqueous phase was collected and nucleic acids precipitated with an equal amount of isopropanol at À80°C over night. After centrifugation (10,000g, 10 min, 0°C), nucleic acids were washed in 70% (v/v) ethanol (0°C), dried, dissolved in water containing 30 lM DFOM, and hydrolyzed using 4 U nuclease P 1 and 5 U alkaline phosphatase in buffer (30 mM sodium acetate, 20 lM ZnCl 2 , pH 5.3, final volume 100 ll) at 50°C for 60 min. After filtration, the samples were analyzed by high-performance liquid chromatography coupled to electrochemical and UV detection (HPLC-ECD) as described .
Non-heme iron determination
The level of non-heme iron was measured in gastrocnemius muscles, because it appears to contribute to the generation of oxidative stress in immobilized skeletal muscle (Kondo et al., 1992; Powers et al., 2007) . The gastrocnemius non-heme iron content was measured as described by Rebouche et al. (2004) . Briefly, muscle pieces ($50 mg) were homogenized in water (1:10 w/v) using a glass-glass Duall homogenizer on slush ice. An equal amount of an iron releasing and protein precipitating solution (1 N HCl and 10% (v/v) trichloroacetic acid) was added to an aliquot (80 ll) of the homogenates, a blank (water), or the iron standards, and the samples were incubated at 95°C for 60 min. Following centrifugation (10,000g, 10 min, room temperature) to remove heme-containing proteins, the supernatant was collected and divided into two fractions: one to which an equal amount of sample blank solution (1.5 M sodium acetate and 0.1% (v/v) thioglycolic acid) was added, and one to which a chromogen solution (0.508 mM ferrozine, 1.5 M sodium acetate, 0.1% (v/v) thioglycolic acid) was added. The samples were incubated at room temperature for 30 min for color development, and the absorbance was read at 562 nm in a quartz cuvette using a Beckman DU 640 spectrophotometer. A commercially available iron standard (High-Purity Standards, Charleston, SC, cat. no. 100026-1) was diluted to 2, 4, 6, 8, and 10 lg Fe/ml in deionized water. After correction for sample blanks, the iron content was calibrated against the iron standard curve and the tissue non-heme iron content calculated as lg iron per g of muscle.
In addition, free iron content was visualized histologically to identify which fibers displayed the highest iron content, using an iron detection kit as specified by the manufacturer's instructions (Stressgen Biotechnologies, Victoria, BC, Canada). Gastrocnemius muscle cross sections were cut on a cryostat at 7 lm thickness, air dried, and stored at À20°C until analysis. Sections were rehydrated in phosphate buffered saline and fixed in methacarn (60% absolute methanol, 30% chloroform, 10% glacial acetic acid (v/v)) for 20 min at room temperature. After washes, the iron III reagent was added to the sections and incubated for 2 h at 37°C, followed by 3 rinses in Wash Buffer 1 and one rinse in Wash Buffer 2 (solutions supplied by Stressgen). The substrate solution was added to sections and incubated for 10 min. Sections were then washed once in Wash Buffer 2, dehydrated with alcohol and xylene, and cover slipped. Pictures were taken at the same magnification for the different groups with a Zeiss AxioCam camera (Peabody, MA).
Determination of mRNA abundance
The mRNA abundance of genes associated with iron homeostasis was measured to investigate whether this process was affected by age and HS, and mRNA abundance of Y box protein (YB-1) was measured because it has been shown to bind oxidized RNA. Gastrocnemius muscle samples ($100 mg) were taken from liquid N 2 , directly immersed into ice-cold TriReagent TM (Sigma, St. Louis, MO), and immediately homogenized using a glass-glass Duall homogenizer on slush ice. Total RNA was isolated from the homogenate by using TriReagent TM according to the manufacturer's protocol. Residual DNA was removed by using the Turbo DNA-free kit (Ambion, Austin, TX). Integrity of the isolated and purified RNA was confirmed by denaturing agarose gel electrophoresis. Transcript abundance of rat transferrin receptor-1 (TfR1), hemojuvelin (HJV), YB-1, and 18S was determined by quantitative RT-PCR as described previously (Dupont-Versteegden et al., 2004) . Briefly, RNA was converted to cDNA using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). PCR was performed by using the cDNA plus gene-specific primers: YB-1 (sense: 5 0 -AAGATGGC AAAGAGACAAAAGCA-3 0 ; antisense: 5 0 -CGGGAGCGGACGAATTC-3 0 ), TfR1 (sense: 5 0 -GAATACGTTCCCCGTTGTTGA-3 0 ; antisense: 5 0 -ATCCCCAGTTCCTAGATGAGCAT-3 0 ), HJV (sense: 5 0 -GGGAGCCACGT GGAGATTC-3 0 ; antisense: 5 0 -GCTGTCTGACGAACGATTATAGTT-3 0 ), 18S (sense: 5 0 -CGAGGAATTCCCAGTAAGTGC-3 0 ; antisense: 5 0 -CC ATCCAATCGCTAGTAGCG-3 0 ). For PCR, Power SYBR Green PCR Master Mix (Applied Biosystems) was used with universal cycling conditions on an Applied Biosystems 7300 Real-Time PCR System. Dissociation curve analysis of PCR products revealed single peaks, indicating specific amplification products. Relative quantitation of TfR1 and YB-1 was performed using standard curves with 18S rRNA as the normalizer for each sample. No differences in 18S rRNA were found between the groups. Average values for the 6-month control group were set to 1 and values of the other groups were calculated relative to the 6-month old control group.
Xanthine oxidase (XOD) activity measurements
Since XOD was suggested to be involved in the increase in ROS in atrophied muscles we measured its activity in the muscles (Kondo et al., 1993) . Cleaned gastrocnemius muscles were homogenized in 1 mM EDTA, 1 mM PMSF, and 100 mM Tris, pH 8.1 (1:5 w/v), with a homogenizer on slush ice. After centrifugation (15,000g, 20 min, +4°C), the supernatant was collected and analyzed for superoxide production (30 min, 37°C) using xanthine as substrate according to the kit instructions from the Amplex Ò Red Xanthine Oxidase Assay kit (Molecular Probes, Eugene, OR prod. nr. A22182). Data were calibrated against commercial XOD (Sigma) activity, reading the absorbance at 560 nm using a Synergy HT microplate reader from BIO-TEK Instruments (Winooshi, VT). H 2 O 2 was used as a positive control. The XOD activity was normalized to total protein content as determined by the Bradford method.
Analysis of myeloperoxidase (MPO) activity
We measured whether oxidation was a consequence of increased inflammation often seen in old animals and individuals, by quantifying muscle MPO activity. Analysis of MPO activity was performed as described by Bradley et al. (1982) . Briefly, 40-50 mg gastrocnemius muscle was homogenized in buffer (1:10, w/v, 50 mM potassium phosphate, pH 6.0) to which 0.5% (w/v) HTAB (hexadecyltrimethylammonium bromide) had been freshly added using a Duall glass-glass homogenizer on slush ice. The homogenate was transferred to a vacuum-sealable tube and centrifuged at 41,400g using a Beckman ultracentrifuge for 10 min at +4°C. After removing the supernatant, the pellet was resuspended in homogenization buffer using half of the initial volume and transferred into a cryovial. To release MPO from neutrophils' granules, the samples were sonicated on ice for 10 s and freeze-thawed in liquid nitrogen three times, then sonicated on ice again for 10 s. After centrifugation at 18,200g for 60 min, +4°C, the supernatant was transferred to a new tube and the MPO activity was immediately assessed using the chlorination assay described in the EnzChek Ò MPO Activity Assay kit from Molecular Probes (Eugene, OR) reading the emission at 530 nm after excitation at 485 nm using a Synergy HT microplate reader.
Statistical analysis
To test for statistically significant differences between the groups, two-way ANOVA was used. When significant F-ratios were observed, a Bonferroni multiple comparisons test was applied to test individual means. Pearson's correlation test was used to determine significant correlations between data sets. Statistical significance was assumed at p < 0.05 and results are expressed as means ± SEM.
Results
Muscle atrophy associated with age and HS
Aging was associated with a decrease in gastrocnemius muscle weight (p < 0.0001) and muscle to body weight ratio (p < 0.0001) by 42% and 53%, respectively, indicating the occurrence of sarcopenia in these animals (Table 1) . HS was associated with a 36% decrease in muscle mass (p < 0.001) and 23% in muscle to body weight ratio (p < 0.001) at 6 months of age, and at 32 months of age muscle mass decreased 23% (p < 0.05), while muscle weight to body weight ratio was 15% lower (p < 0.05) (Table 1) . Therefore, muscles at both ages responded similarly to disuse (HS) as had been previously shown for soleus muscle (Leeuwenburgh et al., 2005) .
RNA, but not DNA, oxidation increases with atrophy
RNA oxidation was elevated by 85% in gastrocnemius muscles from old rats compared to young rats (p < 0.0001). Two weeks of disuse had a significant treatment effect (p = 0.011), and the old HS rats displayed a 36% increase in RNA oxidation (p < 0.05) over the old control rats (Fig. 1A) . Aging was associated with a small (21% for control groups) increase in DNA oxidation, which was not statistically significant, while HS had no measurable effect on DNA oxidation (Fig. 1B) .
The methodology used for measuring RNA and DNA oxidation also produces data on the total RNA and DNA yields of the tissue samples. We found that the RNA and DNA yield from gastrocnemius muscles was significantly elevated by 34% (p < 0.001) and 211% (p < 0.0001), respectively, in old compared to young control rats, but no effect of HS was observed on RNA yield (Table 2) . However, the DNA yield was elevated in gastrocnemius muscles from young rats in response to HS (p < 0.05). These data indicate that the loss of protein in muscles from aged and HS animals may exceed that of nuclei. We therefore measured total protein concentration and found that it was indeed 9.5% lower in gastrocnemius muscle from old compared to young rats (p < 0.0001) ( Table 2 ). This confirms a previous report showing that during atrophy the loss of protein and nuclei is not directly proportional and muscles have a decreased protein-to-DNA ratio or smaller nuclear domain following a period of disuse (Gallegly et al., 2004) .
Intracellular iron homeostasis is altered with atrophy
Elevated levels of iron, which is both an essential nutrient and a potential toxin if in excess (Cairo et al., 2002; Ponka and Lok, 1999) , are associated with increased oxidative stress in cells (Halliwell and Gutteridge, 1999; Honda et al., 2005; Kruszewski, 2003) , and this could be a possible cause of the observed elevation in RNA oxidation. We therefore measured tissue non-heme iron, which mainly represents iron storage in cytosolic ferritin. We also determined transferrin receptor-1 (TfR1) mRNA levels, which vary inversely with the level of intracellular labile iron (Ponka and Lok, 1999) , and hemojuvelin (HJV) mRNA abundance, since it has been shown to modulate the expression of hepcidin (Lin et al., 2005) , the master regulator of whole-body iron homeostasis (Nemeth and Ganz, 2006) . Non-heme iron levels in gastrocnemius muscles were increased by 233% with age (p < 0.0001) and, interestingly, with HS for old, but not young rats (p < 0.01) (Fig. 2A) . Increased levels of intracellular iron are associated with decreased levels of TfR1 mRNA and we found that mRNA abundance of TfR1 in gastrocnemius muscles was indeed decreased by 80% with age (p < 0.001) and by 48% with HS in young rats (p < 0.01) (Fig. 2B) . Moreover, HJV mRNA decreased by 37% with age in the controls (p < 0.01), but increased by 36% and 52% with HS in young and old rats, respectively (p < 0.01) (Fig. 2C) .
Significant correlations point to possible link between ironinduced RNA oxidation and atrophy
The most relevant correlation observed was that between RNA oxidation levels and muscle mass ( Fig. 3A ; r = À0.84; p < 0.0001). This indicates that RNA oxidation is strongly associated with muscle atrophy due to either age or disuse, and that the causality of this relationship warrants further investigation. Further, non-heme iron concentrations were also strongly correlated with muscle mass due to either aging or disuse (Fig. 3B : r = À0.78; p < 0.0001), leading to a very strong correlation between RNA oxidation and non-heme iron concentration ( Fig. 3C ; r = 0.85; p < 0.0001).
To visualize whether iron content was indeed increased in atrophied fibers, gastrocnemius muscle cross sections were stained for free iron. Smaller fibers were observed following HS in gastrocnemius muscles from both young and old muscles (Fig. 4C and D,  respectively) . Interestingly, in smaller fibers, mainly in muscles Values are means ± SE.
Ã
Significant difference from control at the same age. # Significant difference from 6 months within the experimental group. Significance assumed at p < 0.05. MW/BW, muscle weight to body weight ratio. Fig. 1 . Total RNA oxidation increases with atrophy in rat gastrocnemius muscle. RNA (A) and DNA (B) oxidation in gastrocnemius muscles of 6-and 32-month (mo) old control (unfilled bars) and hind limb suspended (HS; hatched bars) rats is shown. For RNA (A), a main effect for age and HS was observed. The Ã indicates a significant difference for HS within the age group. Values are means ± SE. Ã Significant difference from control at the same age. # Significant difference from 6 months within the experimental group. Significance assumed at p < 0.05.
from old animals, content of free iron was elevated and this was particularly true for muscles from old HS rats (Fig. 4D) . These findings complement the free iron measurements above and suggest a correlation between fiber size and free iron content.
Changes in sources of oxidants and removal mechanisms of RNA oxidation
XOD is an enzyme that is capable of producing ROS possibly resulting in increased RNA oxidation and therefore we measured its activity. XOD activity was significantly higher in gastrocnemius muscles from old (p < 0.0001) compared to young rats, while HS had no effect at either age (Fig. 5) . Therefore, increased XOD activity could play a role in increased oxidation with age, but not with disuse.
Increases in ROS levels in skeletal muscle are observed in circumstances where inflammation is increased, due to MPO activity of infiltrated leucocytes. However, in this study no detectable MPO activity was found in any of the groups, and therefore ROS production in response to inflammation does not seem to play a role in age-related or disuse-induced muscle atrophy.
It is currently unknown how oxidized RNA is removed from the cell, but the mammalian Y box-binding protein-1 (YB-1) was found to bind oxidized RNA (Hayakawa et al., 2002) , and has also been suggested to have a role in iron regulation (Kohno et al., 2003) . YB-1 gene expression levels, however, were not changed with either age or HS (Table 2 ) and therefore YB-1 may not be involved in the removal of oxidized RNA in these muscles or is possibly failing to respond appropriately. The role of other RNA-binding proteins remains to be investigated. Fig. 2 . Changes in non-heme iron, TfR1, and HJV mRNA levels with atrophy. Nonheme iron concentration (A) and relative TfR1 (B) and HJV (C) mRNA levels of gastrocnemius muscles from 6-and 32-month (mo) old control (open bars) and HS (hatched bars) rats are shown. For all three parameters, a main effect for age and HS was observed. The Ã indicates a significant difference for HS within the age group. 
Discussion
This study shows for the first time that RNA oxidative damage and levels of non-heme iron in skeletal muscle were elevated in muscles of aged animals, particularly after a period of disuse. In addition, we show that RNA, but not DNA, oxidative damage increased significantly in muscles at advanced age, even though the levels were similar in young rats. The higher levels of oxidative damage in RNA than in DNA support our previous observation that oxidative damage to RNA is generally greater than that to DNA (Hofer et al., 2005 Seo et al., 2006) . The higher susceptibility of RNA to oxidative damage could be due to a greater exposure of RNA to ROS and iron, or to differences in protection from ROS, repair or turnover mechanisms (Hofer et al., 2005 . These results complement previous studies showing that RNA oxidation is increased in brain and liver of old animals, and may therefore constitute a general phenomenon with aging (Honda et al., 2005; Liu et al., 2002; Seo et al., 2006; Zhang et al., 1999) .
The functional consequences of increased RNA oxidative damage in skeletal muscles could be significant. Recently it was shown that oxidized mRNA resulted in decreased translational fidelity and that the produced proteins from oxidized RNA were readily degraded (Tanaka et al., 2007) . If the same phenomenon applies to skeletal muscles, it would likely be associated with muscle atrophy. Also, oxidative damage to rRNA has been shown to result in decreased protein synthesis (Honda et al., 2005; Tanaka et al., 2007) , which in skeletal muscles will eventually result in muscle atrophy. Therefore, the increased RNA oxidation could be causative to the observed muscle atrophy, which would explain the very high correlation between muscle mass and RNA oxidation observed in our study. The fact that RNA oxidation increased particularly in muscles from old rats after disuse indicates that aged animals may be more susceptible to RNA damage, possibly because of the concomitant elevation in iron. Alternatively, it could indicate that removal mechanisms of oxidized RNA are impaired with aging and disuse. We therefore assessed the gene expression of YB-1 as a potential protein involved in recognition of oxidized RNA (Hayakawa et al., 2002) , but no significant changes were detected with either age or disuse. Hence, YB-1 may not be involved in the removal of oxidized RNA in our experimental model or its ability to respond appropriately to increased levels of RNA oxidation may be impaired with aging. However, alterations in the removal of oxidized RNA with age remain to be investigated.
Changes in iron homeostasis may play a role in the development of skeletal muscle atrophy with aging, since non-heme iron increased, and TfR1 and HJV mRNA abundance decreased with age. This increase in non-heme iron with advancing age is similar to what has been observed in liver, kidney, and brain of aged rats (Cook and Yu, 1998) . The decrease in HJV mRNA levels in gastrocnemius muscle of old rats is consistent with a recent report showing decreased HJV expression in iron-loaded skeletal muscle from male and female Balb/c mice (Rodriguez et al., 2007) . The cellular labile iron pool (LIP: Fe 2+ and Fe
3+
) constitutes 3-5% of the total cellular iron and has been suggested to induce oxidative stress (Kruszewski, 2003) . This would explain the strong correlation between non-heme iron and RNA oxidation found in this study. However, the role of non-heme iron in muscle atrophy due to disuse is more complicated. We observed a change in non-heme iron with disuse in old, but not in young rats, even though TfR1 was de- creased significantly in the young hind limb suspended rats. It is possible that the TfR1 was so low in the old controls already that it could not decrease further, which is supported by the very high levels of non-heme iron in the older suspended rats. The increase, rather than a decrease, in HJV mRNA levels in HS rats indicates that HJV expression responds to factors other than non-heme iron levels. Another possibility is that HJV was increased with HS as a compensatory response. These observations highlight the need for further studies to address how changes in HJV expression affect skeletal muscle iron homeostasis. Interestingly, the highest levels of free iron in the muscles from old animals were mostly observed in the smallest fibers, particularly after HS. This strengthens our observation that non-heme iron is correlated with muscle size, even at the level of single fibers. Based on our studies, a cause-effect relationship between increased free iron, RNA oxidation and muscle atrophy cannot be inferred. However, our observations suggest that interventions aimed at decreasing non-heme iron are worth investigating for attenuation of muscle atrophy due to disuse. Indeed, it has previously been shown that the iron chelator deferoxamine attenuated muscle atrophy due to immobilization in vivo in young rats (Kondo et al., 1992) , but its effect in old animals remains to be investigated. It is possible that the iron buffering systems are better adapted in young animals and therefore interventions that decrease the free iron pool during muscle atrophy may be particularly useful in aged subjects and should be investigated in future studies.
In addition to age-related changes in removal mechanisms of damaged RNA, it is also possible that the generation of ROS with disuse is different in muscles from aged animals. XOD has previously been suggested as one cause of increased ROS during immobilization-induced muscle atrophy (Kondo et al., 1993) . We found elevated XOD activity with age, but not with HS, suggesting that this enzyme does not play a significant role in disuse atrophy, although it could still contribute to the age-associated increase in oxidative stress. Also, MPO activity was not detected in the muscles, indicating that ROS production from infiltrating leukocytes is very unlikely in our model. Even though the source of the oxidative damage during disuse-induced atrophy remains to be determined it has been shown that anti-oxidant treatment is beneficial in attenuating muscle loss (Arbogast et al., 2007) . In a recent mouse study using hind limb unloading, soleus muscle weight losses correlated with increased cytosolic oxidant generating activity and muscle weight, and force losses could be prevented by dietary supplementation of the soy protein Bowman-Birk inhibitor, a protease inhibitor with strong anti-oxidant properties (Arbogast et al., 2007) .
In relation to the observed increases in iron levels in aged or exposed muscle, it should be pointed out that this constitutes a challenge for measurements of oxidative damage. As 'free iron' can catalyze reactions during sample processing (Hofer and Moller, 1998) , differences in iron levels may have biased measurements of oxidative damages in previous studies (Fano et al., 2001; Marzani et al., 2005; Mecocci et al., 1999) , unless iron was well controlled during sample processing (in this report we used 10 mM DFOM). Thus, earlier reports showing elevated DNA oxidative damage in muscles at advanced age (Fano et al., 2001; Hamilton et al., 2001; Mecocci et al., 1999) might have been biased by the lack of controlling such 'free iron' during sample processing.
In summary, our data suggest that RNA oxidation plays a role in the development of atrophy with disuse, particularly in aged animals. Our results further suggest that interventions that counteract intracellular iron accumulation or that can increase the control of iron (such as chelators) in skeletal muscle may be especially beneficial in attenuating disuse-induced muscle atrophy in aged animals. Future research should be directed towards investigating the processes responsible for the increase in RNA oxidation with atrophy and the mechanisms involved in removal of RNA damage.
